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[57] ABSTRACT

A method of controlling a chopper regulator, which
method is a time-varying parameter-regulation method
having a very wide passband and controlling energy at
each instant, in which the stable state of the system at
the following sample is predicted, thereby making it
possible to achieve regulation under very good safety
conditions. A circuit for implementing the method is
also disclosed. The invention is particularly suitable for
space applications.
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METHOD OF CONTROLLING A CHOPPER
REGULATOR AND A CIRCUIT IMPLEMENTING
SAID METHOD

The invention relates to a method of controlling a
chopper regulator and to a circuit for implementing the
said method.

BACKGROUND OF THE INVENTION

The method of the invention may be used whenever
servo-control is inserted in electrical chopper structures
for the purpose of regulating a parameter. Applications
of the invention, extend, in particular, to space applica-
tions, aviation applications, and consumer applications.

The method of the invention is a method of control-
ling chopper regulators in particular on the basis of a
bidirectional peak current controlled modulator and of
a stabilizing control by state feedback.

To obtain dynamic performance compatible with that
of DC amplifiers while implementing high power levels
(a few watts to several kW) at high energy efficiency
(greater than 85%}), chopper regulators and amplifiers
must combine:

a high synchronization frequency (a few fractions of
a MHz to several MHz); and :

large signal servo-control with a passband which is
close as possible to one-half the sampling frequency.

At present, two techniques are in competition:

non-linear analog stabilizing control by feeding back
the prior states of the various possible states of the sys-
tem; and

digital control with prior storage of the various possi-
ble states of the system in a memory.

Stabilizing control by state feedback may be per-
formed by a self-adaptive feedback loop such as that
described in an article-by G. Salut, J. C. Marpinard and
M. Valentin entitled: “Large signal feedback control for
power switching conversion” (PESC 1985, Toulouse).

In the context of a buck chopper voltage regulator,
this feedback loop impiements:

two linear amplifiers;

a summing circuit; and

a non-linear function divider (a non-linear pulse

width modulation (PWM) modulator for trans-
forming an analog magnitude into a duration in
time with a given clock).

With a boost regulator, the following are used:

seven linear amplifiers;

two dividers and a non-linear multiplier;

a summing circuit; and

a non-linear PWM modulator.

As described in an article by A. Capel, J. C. Marpi-
nard, G. Salut, M. Valentin and D. O’Sullivan entitled
“A bidirectional high power cell using large signal
feedback control with maximum conduction control for
space applications” (ESA Journal, 1986, Vol. 10) a
possible simplification lies in the fact that information
previously collected from the middle of the power cir-
cuit in the inductor L and the load R can be combined
at the current through the capacitor C, while the PWM
modulator may be biased by the input voltage V,
thereby making it possible to eliminate -the non-linear
function divider.

The control unit is then reduced to:

three amplifiers;

a summing circuit; and

a non-linear PWM modulator.
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It may be observed that the current sensors in all of
these systems are unsuitable for providing protection
against short circuits in the regulator or in its load.

An object of the invention is to solve this problem.

SUMMARY OF THE INVENTION

To this end, the present invention provides a method
of controlling a chopper regulator, the method being a
time-varying parameter-regulation method with a very
wide passband and with energy being controlled at each
instant, in which the stable state of the system on the
following sample is predicted, thereby making it possi-
ble to provide regulation under good safety conditions.

Advantageously, this method makes it possible to
provide intrinsic protection against the damaging ef-
fects of current and voltage surges due to the facts that:

the input energy source is voltage limited (a set of

batteries, a solar panel, a distribution network);
the output voltage is generally the parameter that is
servo-controlled and thus limited in amplitude; and
the energy in transit is controlled by measuring pulse
current.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention are described by way
of example with reference to the accompanying draw-
ings, in which:

FIGS. 1 and 2 show the operation of the method of
the invention;

FIG. 3 is a graph showing how current varies under
transient conditions; and

FIG. 4 shows the control principle of the method of
the invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The method of the invention is a method of regulat-
ing a time-varying parameter which is applied to a
chopper regulator servo-control loop when energy
transfer is to be controlled by state feedback stabilizing
control as shown in the diagram of FIG. 1.

A bidirectional regulator structure 12 is to be found
between an input network 10 and an output network 11.
A modulator 13 synchronized by an external clock T
and receiving the input and output voltages V1 and V2
and the input and output currents il and i2 serves to
control the bidirectional structure 12 (tc). )

In this diagram, energy may pass from the input net-
work 10 which contains the energy source at a potential
V1 to the load network at a potential V2, which load
network may be passive or may also contain a source of
energy such that the energy transmitted E is a function
of a control voltage Vc obeying a law of the form:

E=LfVc).

In this case, the servo-controlled parameter is the
load voltage V2, and the energy E taken from the input
network 10 is matched to the needs of the servo-control
by the law given above. If an upper value limit is ap-
plied to this energy by acting on said law, then no dam-
aging situation can occur in the output network 11 or in
the chopper regulator structure 12 itself.

The regulator structure 12 is bidirectional, i.e. the
same electrical structure applies when the networks V1
and V2 are interchanged, providing, as shown in FIG.
1, the servo-controlled parameter and the energy-deliv-.
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erying network are not both on the same side of the
regulator structure 12.

The intrinsic protection of this structure 12 against
the damaging effects of current and voltage surges lies
in the facts that:

the energy source V1 is voltage limited (set of batter-

ies, solar panels, distribution network);

the output voltage V2 is generally the parameter to

be servo-controlled, and it is thus amplitude lim-
ited; and '

the energy E transistor through the structure is con-

trolled by taking pulsed current i1(t) such that:

tc
E= VIJ iindt = 22T
0

where
tis the time that energy flows because the switches in
the static regulator are conductive; and
T is the period of the synchronization clock.
The pulsed current i1(t) cannot reach damaging val-
ues since it is peak current controlled directly at the

source by means of a law of the form:
i1 Max=G-Ve

where :

G is a constant; and

Vc is the control voltage.

It follows that if this relationship has an upper limit,
then the corresponding current can never be exceeded
positively or negatively since the transfer principle is
bidirectional even in the event of short circuit.

The control voltage Vc is the result of a stabilizing
control by state feedback which takes account of the
instantaneous values of all of the system parameters and
which has the general form:

Ve=(1-K)-k1{VR — V2)+ k2:i2+ k3-V2+ k&-V1

where:
VR is a reference voltage;
k1, k2, k3, and k4 are pure gains; and
K is a constant that determines the dynamic range of
the system and is such that 0=K=1.

When K—0 servo-control is fast, and when K—1-

servo-control is slow.

The above relationship giving Vc is established by
investigating the large-signal dynamic behavior of the
electrical system in state space, thereby making it possi-
ble to fix the values of the pure gains kn without thereby
modifying the general appearance of the relationship
which remains. valid for all configurations of chopper
regulators, hence the wide range of applications for
which this control principle is suitable, and a general
block diagram is given in FIG. 2.

The control voltage Vc is calculated either by analog
means or by digital means, e.g. using a microprocessor.

The power circuit shown is an LC circuit, i.e. it is a
second order circuit, however it could naturally be a
different circuit of higher order.

The modulator 13 comprises a summing circuit 15,
four amplifiers 16, 17, 18, and 19 of respective gains k2,
k3, k1:(1-K), and k4, a summing circuit 20, a compara-
tor 21 for comparing the calculated value G-Vc with
the measured current i1, and a bistable 22.

This circuit does not use a sawtooth modulator, nor
does it use non-linear functions such as multipliers or
dividers, it only uses linear amplifiers, 2 comparator,
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and a logic circuit which actuates the switch S in re-
sponse to a clock signal T and causes the switch S to
change over whenever:

N)=G-Ve(1)

The time t which satisfies this relationship thus de-
fines the duty ratio of the converter and remains under
conventional energy transfer laws inherent to the struc-
ture of the converter. This gives:

D=t/T

Whatever the type of the chopper regulator, the cur-
rent flowing through the inductor of the circuit has a
triangular waveform as shown in FIG. 3. Under tran-
sient conditions where the system is operating a long
way from its equilibrium point, the peak value iM of the
current differs from sampling period number n to the
following period number n+1. Thus:

iM(rD#iM(n+ 1T

At equilibrium a current is obtained in which the
triangles are equal.

The method of the invention consists in calculating
during sample nT the value that the peak current iM is
to reach during the following sample (n+1)T, taking
account of the values of various parameters during the
period. The following recurrence relationship thus ap-
plies: :

iM((n+ D)D)=RiM(nT), V1(nT),V2(nT))

Since the current i1(t) is measured on a permanent
basis, the switches S and § are activated by an external
clock T and they are deactivated whenever il(t) equals
iM(n+1)T.

The information input at an instant nT varies little
within the circuit and is input into a calculator circuit 25
which serves to predict the values of the state vector at
the following instant (n+ 1)T. The limiting value for the
following sample is known. The system therefore stops
when all of the values of the state vector have reached
their calculated values.

The consequences of a disturbance are thus predicted
before they happen: digital anticipation takes place.

The calculator circuit 25 could be constituted by a
microprocessor.

The system changes smoothly throughout the tran-
sient period. It is thus possible to reach equilibrium in
three samples, for example.

This gives rise to the circuit shown in FIG. 4. The
input and output voltages V1 and V2 and the output
current i2 are measured and associated with a reference
VR(t) to generate the peak value iM of the current i(t)
during the period (n+1). The circuit 25 is a circuit for
calculating iM((n+ It).

The information iM is compared on a permanent basis
with the value of the current i1(t) flowing through the
structure. Whenever the above relationship is satisfied,

. the ON-time T(c) of the switch S previously activated

65

by the clock T and which corresponds to dynamically
stable operation of the system is achieved. The switch §
is deactivated and the switch S is activated by means of
the logic circuit- 26 which includes the bistable 22 and
the NOT gate 27.
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If an upper limit is applied to the calculation of iM,
then the current i2(t) can never exceed this value even
during a short circuit. This method does not make use of
non-linear functions such as division, function multipli-
cation, or PWM modulation.

The calculation of iM((n+1)T) as occurs in the func-
tions of the control member of FIG. 4 is a hard-wired
representation of the state feedback stabilizing control
theory which is described briefly for the application of
FIG. 4 where the power structure is a buck type cell.

If X is the state vector of the system and A and B are
the matrices of the electrical network of the buck cell,

[ ]

a0 -z
~ L€ -1/RC

Twe
=[]

The state equations of this circuit over one period
give rise to the recurrence relationship, and with refer-
ence to FIG. 3:

2(n

X(n )

]

X(T+1)=eAT.X(1c) + A~ V{eATE—1].BYV

which can be put into simple form by being limited to
second order developments, which is completely justi-
fied since the time constants of the circuit are greater
than the period T:

X(T+1)=(1+ AT+(ATY2/2)-X(tc) + 1c- V-
{A+A-1c/2)-B

Giving a state vector having the following compo-
nents:

Kn+1)=(1~-T22LC-
Yin+[(T2/2LRC)—(T/L))-Va+1c-V/L

Vin+1)=[(T/C)—(T2/2RC)]-in+[1—(T/RC)+1}
T(— 1/LC)+ 1/(RC¥) Vn+1c-VILC

Dynamic performance is fixed by the recurrence
relationship imposed on the system, with VR being the
reference and K being a constant lying in the range 0 to
1.

V(n+1)— VR=K(Vn—VR)

By replacing V(n+ 1) with its value in the preceding
system, it becomes:

n+ 1) iM((n + D)
(1 — KXe/TXVR — Vn) +

2~ (T/L)- Vn + 1. VI/L

which is the same as the general form described above

iM(n+1)D=(1—-K)-k1(VR—V2)+k-
2:24-k3.-V2+ k4- V1

This general form is valid for all chopper regulator
structures.
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The circuit of one structure is given in FIG. 2.

Thus, in the method of the invention, the system is
analyzed in a closed loop: the output voltage V2 is
controlled by controlling the current i2 flowing from
the input to the output, the energy is controlled by
controlling the quantity of energy flowing at any one
instant. The current i2 and the voltage V2 form the
components of a state vector.

Naturally the present invention has been described
and shown merely by way of preferred example and its
component parts could be replaced by equivalent parts
without thereby going beyond the scope of the inven-
tion.

What is claimed is:

1. A method for controlling a chopper regulator of a
servo-control system, wherein said method is a time-
varying parameter-regulation method with a wide pass-
band, said method comprising the steps of:

(a) predicting a stable state of the system at a subse-
quent sample using parameters associated with a
first sample; and

(b) continuously controlling energy being transmitted
to a load network from a source network in accor-
dance with the stable state predicted, thereby mak-
ing it possible to provide regulation under good
safety conditions.

2. A method according to claim 1, wherein all of the
parameters are stored in a memory, and wherein said
method further comprises the steps of:

(c) analyzing behavior of the system in state space;

and ’

(d) stopping the system once the system has stabi-
lized. '

3. A method according to claim 2, wherein step (a)
comprises the step of setting a looked-for energy value
prior to step (d), and wherein step (d) stops the system
when said looked-for energy value is reached.

4. A method according to claim 1, wherein the en-
ergy transmitted is a function of a control voltage.

5. A method according to claim 4, wherein the con-
trol voltage is the resultant of a state feedback stabiliz-
ing control which takes account of all of the parameters
in instantaneous form.

6. A method according to claim 4, wherein the con-
trol voltage (V¢) is calculated either by analog means or
digital means.

7. A method according to claim 5, wherein the con-
trol voltage (V¢) is of the form:

Ve=(1—K)-k1{VR—V2)+k2-24- k3-V2+ k4-V1

where:

k1, k2, k3 and k4 are pure gains;

K is a constant that fixes a dynamic range of the

system; :

V1 and V2 are input and output voltages;

i2 is an output current; and

VR is a reference voltage. ]

8. A method according to claim 1, wherein the chop-
per regulator is a bidirectional regulator disposed be-
tween the input network and the output network, and
wherein said predicting step (a) comprises the steps of:

receiving input and output voltages and input and

output current from the input and output networks,
and

generating a peak value of the input current during

the period of the subsequent sample.
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9. A method according to claim 8, wherein said pre- maximum current value (iM), with iM=G.Vc
dicting step (a) further comprises the step of comparing where Vc is the control voltage which has the
the peak value with the value of the input current from form:
the source network, and wherein when the value of the
input current and the peak value are equal, the system 5 Ve=(1—Kyk1{(VR—V2)+ k2-2+ k3-V2+ k4-V1
has reached a dynamically stable operation. '
10. An apparatus for controlling a chopper regulator, where:
said apparatus comprising: k1, k2, k3, and k4 are pure gains;
a source network; K is a constant that fixes a dynamic range of the
a load network; - 10 system;
a chopper regulator for regulating energy being trans- V1 and V2 are input and output voltages;
mitted to said load network from said source net- i2 is an output current; and
work, wherein the energy transmitted is a function of VR is a reference voltage,
a control voltage; and a second summing circuit, and
a modulator including at least: 15 a comparator for comparing an input current from
a first summing circuit; said source network with the maximum current
first through fourth amplifiers having respective value iM of the input current.

* ® x % »
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